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TECHNICAL NOT® NO, 653

A FPLIGHT INVESTIGATION OF THE REDUCTION OF AILERON
OPERATING FORCE BY MEANS OF FIXED TABS AND
DIFFERENTIAL LINKAGE, WITHE NOTES O¥ LINKAGE DESIGN

By H. A. Soule and James A. Hootman
SUMMARY o

Flight tests were made to demonstrate the practica-
bility of employing fixed tabs in conjunction with a sult-
ably designed dlifferential linkage to reduce the force re-
quired to operate ailerons. The tests showed the systen
to be practicable with tabs of the inset type. The rela-
tive ineffectiveness of attached tabs for changing the
ailecron floating angle rendered them unsuitable. Experi-
enco gained in the investigation has indicated that the
use of the system is limited to maximum deflections of one
alleron relative to the other of less than 30° and that the
differential linkage should always be designed on the basis
of the highest probable floating angle,

INTRODUGCTION

Experience with drooped ailerons has drawn attention
to the markad effect upon ths stick force that the differ-
ential linkage of the alilerons may exert., When such aller-
ons are adjusted to the high-1ift position, the upward-
moving aileron may have a fairly large hinge moment tond-
ing to rotate it upward throughout its range of deflection,
Under certain conditions this assisting hinge moment, to-
gether with the relatively large mechanical advantage of
this aileron with respect to the control stick as compared
with that of the downward-moving aileron, may overbalance
the effort on the stick required to rotate the downward-
moving aileron downward, resulting iIn a reversal of the
stick force.

Jones and Nerken (reference 1) suggested a mothod, for
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the case of the ordinary undrooped ailerons, of utilizing

these characteristics of the differentlial linkage for the
purpose of reducing the stick forces reguired for thelr .
operation, It was suggosted that the ailerons be fitted -
with narrow-chord full-span tabs deflected downward sever-

al degrees so as to adjust upward the position for szero

hinge moment (floating angle). The results of flight tests

to determine the feasibllity of this method of reducing

aileron forces form the subject of the present paper.

The tests were made with a Fairchild 22 airplane. In
the first serles of tests, tabs were attached to tho ailer-
ons of a wing having a 2:1 taper, Difficulty experilenced
in obtaining satisfactory results with the attached tabs
resulted in the second serles of tests, which covered
trials of inset tabs, The second series of tests was made
with the standard wing for the Fairchild 22 with the ailer-
ons modified to incorporate inset tabs. Three arrangemeonts
of the differential linkage wore tried with these alleroans.
The flight tosts consisted primarily of pilots'! obsorva-
tlons of the relative control forces with tho different ar-
rangements, Measurements of the rolling motlion were made
with one linkage to determine the effect of tab setting on
the ailsron effectiveness.

AILERON AND TAB ARRANGEMENTS-

The Fairchild 22 airplane used for the investigation
is 2 small, high-wing, parasol monoplane that has beon useod
by the Committeo for tho genoral investigation of lateral
contral and stability. The wing with which the airplane
was equipped for the first series of tests is tapered 2:1
in plan form and thickness and is swept back so as to have
a stralght trailing edge. The airfoil section varies from
an N,A.C,A, 2218:section at the wing root to an N.A.C.A.
.2209 section at a station 15 feet from the root,.

For lateral control, the wing is equipped with ailler-
ong having a constant 12-inch chord, sach aileron extend-
ing over approximately 80 percent of the wing semispan,

The aileron mechanism has a nominal 2:1 differential and

was used without modification in the present investigation,
Data on the aileron defléctions and the control-stick move-
mont are shown in figures 1, 2, and 3, The significance

of the broken line in figure 2 wlll be discussed later.

The total deflection with these ailerons is somewhat greater
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than 1s conventional for the Fairchild 22 and, consequent-
1y, the aileron forces are greater. It was appreciated
that the linkage would not fulfill the conditions requirod
in order that the stick force be zero; but calculations
indicated that, if the assumptions of reference 1 were cor-
rect, the stick force would be reduced to approximately
one-half its origlnal value for floating angles such as
reforence 2 had shown could be ocbtained,

The attached tabs used on the ailerons consisted of
flat sheets of moetal attached to the uppor surface of the
ailerons by self-tapping screws. (See fig.:-4.) Two ar-
rangements of the tabs were tried, The first set, which
was considered the logical installation for  the particular
airplane used, extended szlong practlcally the entire
straight portion of the aileron trailing edge (12 feet) and
projected 1 inch back of the trailing edge of the ailerons,

making the tab chord epproximately 8 percent of the aileron o

chord, . The second set of tabs had twice the chord of the
firet set but extended over only the outhboard half of the
alleron, This set of tabs was tried because it was thought
that the effects of sideslip and rolling, which had not
been treated in reference 1, would be more pronounced on
tabs concentrated near the wing tip whers ailerons are more
usually located than in the position occupied by those on
the Falrchild 22 airplans,

After the failure to obtain satisfactory results with
the attached tabs and after some subsequent wind-tunnel
tests to compare the action of attached tabs with that of
inset tabs, tests were made with tabs of the inset type.

The tapered wing not being well adapted to the installation
of inset tabs, the tests were carried out with & standard
Fairchild 22 wing, This wing had the same area and span as
the tapered wing but was rectangular in plan form with '
semicircular tips, The rilerons on this wing had the sanme
pPlan form as those for the tapered wing. (See filg. 5.)

The installation of the inset tabs requlired some modi-
fication of the wing. In order to avoid a major structural
change, which wowld have been nscessary to maintain the
same chord, the installation for the tabd was made by slight-
ly thickering the aileron, particularly at the trailing
edge, adding a tab conforming to the section, and buillding
out the alleron to form a smooth plan form. This modifica-
tion resulted in an alleron of slightly greater chord than
the original one but provided the principal features of the
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inset type of tab. This tadb (fig. 5) had a span of 10
feet 6-3/16 inches and a chord of 1-1/8 inches, The tab
hinge consisted of a series of metal strips., After each
adjustment of the tabe, the V-gaps at the hingoe wersc
fairod over with fabric., The alleron hinges wers gualsd
with -fabric to prevent any air flow through them.

Durlung tihe trial of the inset tabe, three difforen-
tial linkages wore investigated. The first linkage usod
was the standard one for the wing; it was used primarily
for reference but showed the incidental improvement possl-
ble with tabs alone, The second linkage had oxtreme dif-
forontial and was tried bocauso it would show the greatest
variation with floating angle, if any approclable dlscrop-
ancy remained betwocn the flight and thoe wind-tunnel condil-
tions such as had been experienced with the attached tabs.
The third arrangement of the mechanism was obtained by
trial and error and represented an attempt to obtain the
optimum conditions. The deflections of the ailerons for
the modified linkages are glven in figures 6 to 11, The
broken lines in figures 7 and 10 will be discussed lator.

TESTS

The tests consisted primarily of observations dy two
pllots of the rslative aileron force for the different
linkage and tad arrangements. To obtain these observa-.
tions, the pilots performed a series of what they consid-
ered representative maneuvers; the exact naturo of the
tests wag left to their discrstion. In particular, they
observed the effects of sideslip and the forces required
for small control deflections, where the differential
mochanism has tho least effect.

In order t¢ determine the effect of tad setting on
the aileron effectiveness, tests in which the rolling mo-
tlion of the airplane was measured were made with the in-
set tabs and the standard moechanism for the Falrchild 22.
These measurements were made in acdcordance with the usual
practice regarding aileron effectiveness. (See reforence
3.) The measursments consisted of recording the angular
motion of the alirplane following abrupt right-aileron
movements at various speeds throughout the spsed range
with the tabs set in neutral, dowd 109, and down 20°.

An attempt was made to obtain a record of the control
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forces required for different conditions with a control-
force recorder supplemented by air-speed and control-posi-
tion recorders., The correlation between the recorded
forces and those estimated by the pllots was satisfactory
in the case of the first series of tests and also for the
original mechanism used in the second series, the forces
being relatively large in both cases; but the corrslation
was unsatisfactory in the later tests, 1n which the forces
wore small., The very light forces reguired to évercons
the aileron hinge moments were masked by the effect of the
mags of the control- force recorder, and it was removéd for
the later tests.

RESULTS AND DISCUSSION

The results of the investigation with the attachsd
tabs on the tapered wing were entirely negative, The con-
trol forces were not noticeably affected by any angular

"setting of either set of tebs up to 30°., Inasmich as the
flight tests had failed to confirm the prediciion of de-
creased gtick forces made in reference 1, it was believed
advisable to subject the tabs to further wind-tunnel tests,
In order to eliminate the possibdility of an adverse scale
effect that might have been present in the tests of refer-
ence 2, tests were made at largs scale in the N,A,C.A. 7-
by 10-foot wind tunnel, A model was constructed to obtain
conditions similar to those tested in the first phasse of
the flight investigation, These tests showed, when compared
with tnose of reference 2, the occurrente of some adverse
scale effect, but the difference in the results was insuf-
ficient to account for the results of the flight tests, A
large difference, however, was found to exist betwoon the
attached and the inset tabs, which indicated that the difa
ficulty encountered in the flight tests was probably due %o
the use of attached tabs. The attached tabs were found to
have little effect upon the aileron floating angle.

As a result of the first serles of flight tests and
the subsequent wind-tunnel tests, it was seen that hlgh
stick forces on the ailerons of existing airplanes could
not readily be relieved merely by attaching simple flat-
plate tadbs to the trailing edge of existing ailerons. It
was evident that effectlve reductions could be obtained only
by modifying the ailerons so as to include tabs of the inset

type.
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The flight tests involving the use of ingset tabs in-
dicated the practicability of their wuse with a sultadly
designed differential mechaniem, With the original link-
age for the Fairchild 22, a reduction of ailzron forces of
the order of one-third was obtained_with a 20° tab doflec-
tion as comparsed with the forces obtained with the tabd
neutral, The c¢ontrol had a reasonable “feel!" and no no-
ticeablse peculiarities in the alleron action were observod
in sideslip. The second linkage, which gave extreme dif-
ferential, gave a variation in the control force that was
not linear even with zero tab deflection, the fores in-
creoasing more rapidly at large than at small stick deflec-
tions, The irregularity of the stick-force variation in-
creased with tab deflection. With tab settings betwsen 5°
and 10° down, the aileron force became zero at small de-
flectlions but was only slightly reduced at large deflections.

With - the final linkage, the .stick-force variation was
nearly linear with all tad settings,. The forcgo, howoaver,
was reduced by setting the tabs down., With the tad in
neutral the stick force was of the order of 10 or 12 pounds
but, with a 200 tad setting, thec force for small dofloctions
was less than the friction in tho control system, so that
the control would stay where placed for about one-guarter
of the total travel, The most satlsfactory conditions were
obtained with the tab set at 15°. With this setting the
magnitude of the forces was so small as to make estimatlion
difficult., The forces were, at moet, onoc-guarter of those
for the original linkage with the tab sot at zero. Dospite
these low forces, the control stick definitely tended to
return to neutral,

The measurements of the rolling velocities, the data
for which for the first linkage are given in figure 12,
show that the tab setting has only a small effect on the
rolling control. The measurced differcnces in the maximum
rolling velocities are almost within the precislon ofthe
measurements,

The results obtained in the second series of tests
show that tabs of the inset type »ffer a practical method
of controlling the floating angle of an ailoron used with
differential mechanism for reducing alleron control forces
and that the tab has very little influence on the effecw
tiveness of the allerons. XIxperience with the second
linkage, however, showed that reasonablce care must bo ox-
ercised in choosing a suitable differential mechanism,
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LINKAGE DESIGN CONSIDERATIONS

The experience in the design of differential mechan-
iems gained during the investigation has indicatod some
general principles that should ve appreciated before a de-
Sign is attempted. These principles will be briefly out-
lined,

As has been shown in refereance 1, the condition nec-
essary in order that the work done in deflecting the al-
lerons, and consequently the control-stick force, be zero
at every point may be expressed in terms of the upward de--
flection &, and the downward deflection &3 of the two

allerons, and the upfloating angle 8,¢ (angle for zero

hinge moment), all taken as positive numbere, by the ‘équa-
tion

8q = ./ (Bug + 8% = 2 8,° = 8ue (1)

which may be written in the form
a 2 2

This expression is the sguation in §,; and 83 of a
circle of radius 2 8,f ©Dassing through the origin
and with the center at the point (Suf’ -Suf). The 1imis%
of this equation is reached when d8z/d8,; = -1, at which

point the down aileron has returned %o zero and is moving
upward at the same rate as the upgolng aileron. Inasmuch
as the aileron control is proportional to the sum of the
upward and downward deflections of the two ailerons, this
1imit represents the condition of maximum control, When

this condition is reached

5'11 + 66. = 2 .S‘U.f (33

As the maximum upfloating angle of an aileron, even when
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equipped with inset tabs, is of the order of 20°%, it fol-
lows that the meximum value of the sum of the upward and
downward deflections of the two allerons is limited to 40°,

From practical consideration, however, the maximum
value of~the sum of these deflections ls appreciadly less
than the 40° indicateéd by tho foregoing equations, For ox-
ample, in ordor to meet the furthsr condition that the
rolling moment be proportional to the stick deflection,the
gum of the upward and downward deflections of the two ailer-
ons must also be proportional to the stick deflection, It
can be shown that, in order to meet this regquirement, the
mechanical advantage of the ailerons over the control stick
must be infinity when d83/d8y = ~1. Unless the design

floating angle is attained, the control force will there-
fore be infinite at this point., As the alleron floating
angle varies with angle of attack, tho design floating an-
gle can he attained at only one angle of attack and conseo-
gquently, at all other angles, the stick force at full de-
flection will be infinlite for an aileron system so designed,
In eddition tuv this consideration, when 45;/d48, = -1, 8y

is zero and §,; 1is 40°; but the straight-line variations of
elleron hinge moment with aileron deflection, assumed in
reference 2, do not hold for asileron angles nmuch greater
than 20°, Both oY these considerations lead to a practical
limitation of &, %o less than 20°., The sum of the up-

ward and downward deflections of-the two aileronse, if Su

is limited to 20° and a maximum probable fleating angle of
20° is assumed, will be 28.3°

The attainment of zero stick force is, of course, not
practicable or desirable., A more geneval work equetion may
be written for the case of a finite stick force by imposing
the condition that.the force be directly proportional to
the stlck deflection €; that is,

Stick force = K6 (4)

where K is a constant depending on the particular design,
It follows that the work done in deflecting the allerons

is then proportional to the sguare of the stick deflection,
and a genseral expression for aileron deflection bocomes

2 2 . 2 2
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From the condition that the aileron effectiveness also be
proportional to the stick deflection, the equation

where C 1is a constant, is obtained, Ths angle © may;.
therefore, be oliminated from (5), giving the expression

4
(8y = Syg)® + (8 + 8yp)?® = B8yp® = — (&y + 5)° ()
o :

On the basis of eguation (7), figure 13 has been pre-~
pared to show the differential ranges reguired for several
floating angles to meet the conditions that both the stick
force and the aileron offectiveness vary linearly with
stick doflection., The sum of the alleron deflectlons
{8y + 83) at the maximum up-aileron deflection is the same
(28.3%9 for all the curves and 1s the value that corre-
sponds to & maximum up-aileron deflection of 20°. The
floating angle taken for zZero stick force ies 20°, which ls
considered the largest practicable value, and the corre-
sponding differential motion is indicated by the solid
curve. The dotted curves, which refer to the conditlion of
finite stick force, show thse differential arrangements _
that would be required for linear variation of stick force
and alleron effectiveness with stick deflection for float-
ing angles of 15°, 10°, and 5°, It will be noted from
this figure that the curve for zero force with a floating
angle of 20° reasonably well approximates those for linear
force variation with floating angles of 15° and 100,

Figure 14 has been prepzred -on the same basls as fig-
ure 13, with the exeeption that the zero-force curve was
computed for & floating angle of 15° rather than 20°, that
ig, for a case requiring a more sextreme differential move-
ment than that of .figure 13, TFrom & comparison of the two
figures, it will be seen that the 10° curve in figure 13
more closely approximates the mero-force curve than does
the 10° curve in figure 14, Another point illustrated in
figure 14 1s that there 1s a minimum value of the floating
angle below which it would be impossible.to design a 4dif-
ferential linkage to give maximum aileron effectiveness
(maximum value of 8y + Sd) at maximum uwp-aileron dis-

placement, This fact is shown by the curve giving the sum
of 8u and &8z for the floating angle of 7,59, which is
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plotted against Su in the figure.' The curve reaches a

maximum value approximately 1,5° before the maximum up-
aileron deflection ‘is reached.

Jigure 15, which shows the variation of stick force
with &y + 83, further iliustrates the advantage of bas-
ing the differential design upon a relatively large float-
ing angle, The curves werse obdtalned by graphical differ-
entiation of work curves given by equation (7). TFor each
of the cases 1llustrated, 1t is assumed, for purposes of
comparison and for a particular flight condition that
zero hinge moment corresponds to a floating angle of 10°,
For the design baged on zero force for a 200 floating angle,
even when the floating angle attained is only 10°, the
variation of stick force with aileron effectiveness i1sg
much more nearly linear than for the case of the differ-
ential bassed on zero force for a floating angle of 1509,

It will alsoc be notod that, in the case of §,r =, 15% al-

though the deviation of the actuwal from the dasign float-
ing angle is only half as great as for Jyr = the

stick force at full deflection is much greater., The genw
eral characterigtic desired in a lateral-control system is
that the stick force be small but finite and that 1t vary
linearly with deflection and, since the floatlng angle 1s
not constant but varies with the angle of attack of the
wing section, it 1e obviouvs that the design should bde
based on the larger floating angls,

In view of the facts illustrated by figures 13, 14,
and 15, it is believed that, for practical purposes, 1t
would be satisfactory to design aileron mechanisms on the
basls of the zero-force curves, using the largest floating
angle likely to bo attained., This conclusion suggests -
that a graphical method may be used to investigate pro-
posed differential mechanismes in order %o check the varia-
tion of control effectiveness with stick deflection., A
plot of the sum of the upward and downward deflections of
the two ailerons against stick deflection should be made
ag in figures 3, 8, and 1l. The deflection of the up ail-
leron should next be plotted againet that of the down al-
leron as in figures 2, 7, and 10, With the flirst type of
figure, the approach to proportionality of the control ef-
fectiveneds with deflection will be shown by the approach,
of the curve to iinearity. In the second curve, a line
should be drawn through the origin with a slope of -1.
With this line as the locus of centers, the largest circle
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passing through the origin that will not pass beyond the
curve of aileron deflectione should be drawn. For 1lllus-
tration, this construction has besen made for the differen-
tial linkages shown in figures 2, 7, and 10, as indicated
by the dotted curves., The abscissa of the center is the
floating angle, and the circle is the curve for zero work
(equation (2)) and zero stick force. When the differen=-
tial is too extreme, & small-radius circls, as shown in
figure 7, will be obtained. In any case, inspection will
show how great are the variations from $he desired condi-
tion and will indicate the necessary modificatlons.

CONCLUSIONS

1. Tabs of the inset type offer a practicable means
of changing the floating angles of ailerons as required by
the differential linkages employed for the reduction of
the aileron operating force. Such tabs will not appreci-
ably influence the aileron sffectiveness,

2. Because of their widely different characteristics,
attached tabs consisting of simple flat plates cannot be
gsubstituted for inset tabs for ths purpose of reducing the
stick forces by varying the floating angles,

3, The combined use of differential linkage and in-
set tabs for the reduction of aileron operating forces 1s
limited by practical considerations to aileron systoms for
which the sum of the upward and downward deflections of the
two ailerons is less than 30°,

4., In order to obtain the most nearly linear varia-
tions of stick force with deflection at all speeds, the
differential linkage should be designed upon the basle of
the maximum probable floating angle.

Langley Memorlial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Fleld, Va., May 12, 1938.
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Figs. 4,5
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Figure 1l.- Variation with stick position of the sum of the upwari and
downwardl deflections of the twn ailerons on the standari
wing for the final linkage,
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Figure l4.- Comparison of linkages for lifferent floating angles for

linear stick-force variation.

computed for a floating angle of 15°,

The zero-force curve is
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Figure 15.- The variation of stick force with the sum of the upward and
downward deflections of the two ailerons.
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